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© Carbon nanotubes are produced by successively 
repositioning an axially extending rod-like carbona- 
ceous anode (6) relative to a cathode surface (2a) 
such that a tip end surface of the anode (6a) succes- 
sively faces on different portions of the cathode 
surface while impressing a direct current voltage 
therebetween, so that an arc discharge occurs with 
the simultaneous formation of carbonaceous depos- 
its containing carbon nanotubes on each of the por- 
tions of the cathode surface. The carbonaceous de- 
posits are scraped and collected. A device for carry- 
ing out the above method includes a driving member 
(5) for displacing the cathode surface relative to the 
anode. 
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Background of the Invention 

This invention relates to a method of producing 
carbon nanotubes and to a device therefor. 

Carbon nanotubes are recently discovered, hol- 
low graphite tubules having a diameter of generally 
several to several tens nanometers. One method 
for the preparation of carbon nanotubes is dis- 
closed in Nature, 358, 220 (1992) by Ebbesen et 
al. In this method, a DC potential of about 18 V is 
applied between a 6 mm diameter graphite rod 
(anode) and a 9 mm diameter graphite rod (cath- 
ode) which are coaxially disposed in a reaction 
vessel maintained in an inert gas atmosphere. By 
positioning the two rods close to each other, an arc 
discharge occurs with the simultaneous deposition 
of a carbonaceous material containing carbon 
nanotubes on the cathode rod. Since the anode rod 
is consumed as the arc discharge proceeds, the 
anode (or cathode) is occasionally displaced to 
maintain a constant gap. 

The known method has a problem because it is 
not possible to continuously produce carbon 
nanotubes in a large amount. Further, since car- 
bonaceous deposits are gradually accumulated on 
the cathode, it is difficult to maintain the optimum 
gap between the anode and the cathode and, thus, 
to maintain the optimum conditions for the produc- 
tion of carbon nanotubes. 

Summary of the Invention 

It is, therefore, an object of the present inven- 
tion to provide a method which can continuously 
produce carbon nanotubes in a large amount. 

Another object of the present invention is to 
provide a method of the above-mentioned type 
which allows easy adjustment of the gap between 
an anode and a cathode. 

It is a further object of the present invention to 
provide a device useful for carrying out the above 
method. 

In accomplishing the foregoing objects, the 
present invention provides a method of producing 
carbon nanotubes, comprising the steps of: 

(a) successively positioning an axially extending 
rod-like carbonaceous anode having a tip end 
surface and a cathode having a cathode surface 
having an area greater than that of said tip end 
surface in an atmosphere of an inert gas such 
that said tip end surface successively faces on 
different portions of said cathode surface while 
keeping the distance therebetween substantially 
unchanged and while keeping the axis of said 
rod-like anode oriented in the direction normal to 
each of said portions of said cathode surface; 

(b) impressing a direct current voltage between 
said anode and said cathode to cause an arc 



discharge to occur between said tip end surface 
of said anode and each of said portions of said 
cathode surface and to permit carbonaceous 
deposits containing carbon nanotubes to accu- 
5 mulate on each of said portions; and 

(c) scraping said carbonaceous deposits from 
each of said portions. 
In another aspect, the present invention pro- 
vides a device for producing carbon nanotubes, 
w comprising: 

an airtight chamber; 

an axially extending rod-like carbonaceous an- 
ode having a tip end surface; 

a cathode having a cathode surface having an 
75 area larger than that of said tip end surface of said 
anode; 

means for feeding an inert gas to said cham- 
ber; 

means for supporting said cathode such that 
20 said cathode surface thereof is positioned within 
said chamber; 

means for supporting said anode such that 
said tip end surface is positioned within said cham- 
ber and faces on said cathode surface with the axis 
25 of said rod-like anode being oriented in the direc- 
tion normal to said cathode surface; 

first means for controlling the distance between 
said tip end surface and said cathode surface; 

second means for successively positioning 
30 said anode and said cathode such that said tip end 
surface successively faces on different portions of 
said cathode surface; 

means for impressing a direct current voltage 
between said anode and said cathode so as to 
35 cause an arc discharge to occur between said tip 
end surface of said anode and each of said por- 
tions of said cathode surface and to permit car- 
bonaceous deposits containing carbon nanotubes 
to accumulate on each of said portions of said 
40 cathode surface; and 

means for scraping the carbonaceous deposits 
from each of said portions of said cathode surface. 

Brief Description of the Drawings 

45 

Other objects, features and advantages of the 
present invention will become apparent from the 
detailed description of the preferred embodiments 
of the invention which follows, when considered in 
50 light of the accompanying drawings, in which: 

Fig. 1 is a schematic illustration of a device for 
the production of carbon nanotubes according to 
the present invention; and 

Fig. 2 is a schematic illustration of the arrange- 
55 ment of an anode, a cathode and a blade in the 
device of Fig. 1 ; and 

Figs. 3 and 4 are schematic illustrations, similar 
to Fig. 2, showing other arrangements. 
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Detailed Description of the Preferred Embodiments 
of the Invention 

Referring to Figs. 1 and 2, designated as 1 is 
an airtight chamber in which an arc discharge is to 
be carried out. An axially extending rod-like anode 
6 having a tip end surface 6a is horizontally dis- 
posed within the chamber 1. The anode 6 is 
formed of a carbonaceous material such as carbon, 
graphite or metal-containing graphite. The metal of 
the metal-containing graphite may be, for example, 
copper, iron or cobalt. The diameter of the anode 6 
is generally 5-30 mm, preferably 8-15 mm. The 
anode 6 is supported by a holder (not shown) 
which in turn is connected to a position adjuster 7. 
The position adjuster 7 is operated manually or 
automatically to axially displace the anode 6 so as 
to position the tip end surface 6a thereof at a 
desired location. The holder is electrically con- 
nected to a positive pole of a direct current source 
9 through an ammeter 12. 

A cathode 2 having a cathode surface 2a is 
also disposed within the chamber 1 such that the 
cathode surface 2a is oriented normal to the axis of 
the rod-like anode 6. It is important that the area of 
the cathode surface 2a is larger than that of the tip 
end surface 6a of the anode 6. Preferably, the 
cathode surface 2a is at least 4 times as large as 
the tip end surface 6a. The cathode 2, which is 
formed of a heat-resisting conductive material such 
as a metal, e.g. copper, or a carbonaceous material 
such as carbon, graphite or metal-containing graph- 
ite, is in the form of a cylinder whose axis is 
oriented in parallel with the axis of the anode 6 but 
is departed from the axis of anode 6. 

Designated as 3 is a support member fixed 
within the chamber 1 and having a hole in which 
the cylindrical cathode 2 is rotatably received such 
that the axis of the cathode 2 serves as the center 
of rotation thereof. The support member 3 is made 
of a conductive member and is electrically con- 
tacted with the cathode 2. The support member 3 
is coupled to a negative pole of the direct current 
source 9. 

The cylindrical cathode 2 has an end surface 
which is opposite to the cathode surface 2a and to 
which a coaxial, electrically insulating shaft 4 is 
secured for rotation with the cathode 2. The shaft 4 
extends out of the chamber 1 and is connected to 
a driving mechanism 5 including an electric motor 
for rotating the shaft 4. 

As a result of the above construction, by 
mounting the rod-like anode 6 on the holder, the tip 
end surface 6a faces in the direction of the cathode 
surface 2a of the cathode 2. By operating the 
position adjuster 7, the gap between the tip end 
surface 6a and the cathode surface 2a is adjustable 
at will. By operating the driving mechanism 5, the 



cathode 2 is rotated so that the anode surface 6a 
can face on different portions of the cathode sur- 
face 2a. 

Designated as 11 is a source of an inert gas 

5 such as helium, argon or nitrogen for feeding the 
inert gas of a controlled pressure to the chamber 1 . 
A pressure gauge 13 is connected to the chamber 
1 for measuring the inside pressure of the chamber 
1 . Designated as 1 0 is an evacuator. 

10 A scraping member 8 is disposed within the 

chamber 1 for scraping carbonaceous deposits 
formed on the surface of the cathode surface 2a. 
The scraping member 8 in the illustrated embodi- 
ment includes a blade whose edge 8a is main- 

75 tained in contact with the cathode surface 2a. 

The structure of the cathode may be changed 
in various manners. In the embodiment shown in 
Fig. 3, the peripheral surface of the cylindrical 
cathode 2 provides the cathode surface 2a. The 

20 rotational axis of the cathode 2 is oriented normal 
to that of the anode 6. By rotation of the cathode 2, 
the tip end surface 6a of the anode successively 
faces on different portions of the cathode surface 
2a. In an alternative embodiment shown in Fig. 4, 

25 the cathode 2 is reciprocally displaced in the direc- 
tion normal to the axis of the anode 6 and the 
cathode surface 2a extends in the direction parallel 
with the reciprocating direction. If desired, the dis- 
placement of the tip end surface 6a of the anode 6 

30 relative to the cathode surface 2a in the foregoing 
embodiments may be performed manually. 

While, in the foregoing embodiments, the cath- 
ode 2 is movably constructed, it is possible to 
stationarily fix the cathode 2 within the chamber 1 

35 with the anode 6 being arranged to be moved not 
only in the axial direction but also in parallel with 
the cathode surface 2a. However, since it is also 
necessary to move the scraping member 8 and 
parts associated with the anode 6, the structure 

40 becomes more complicated as compared with the 
foregoing embodiments. 

A method of producing carbon nanotubes ac- 
cording to the present invention using the device of 
Fig. 1 will be now described. 

45 In starting up, the anode 6 is displaced to bring 

the tip end surface 6a into contact with the cathode 
surface 2a. The evacuator 1 0 is operated to reduce 
the pressure within the chamber 1 to 0.1-760 Torr, 
preferably 1-20 Torr and, then, the direct current 

so voltage source 10 is connected to the anode 6 and 
the cathode 2 to heat them while continuing the 
evacuation. By this pretreatment, oxygen and mois- 
ture entrapped in respective parts within the cham- 
ber are withdrawn therefrom. 

55 Helium gas is then fed from the source 11 to 

the chamber 1 and the helium gas pressure is 
maintained at 10 Torr to 2 atm, preferably at 500 
Torr to 1 atm. Thereafter, the position adjuster 7 is 
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operated to adjust the distance between the tip end 
surface 6a and the anode surface 2a to generally 
0.1-5 mm, preferably 0.5-2 mm, while impressing 
the direct current voltage of generally 15-35 V, 
preferably 18-21 V therebetween, so that an arc 
discharge occurs with the simultaneous deposition 
of a carbonaceous material containing carbon 
nanotubes on that portion of the cathode surface 2a 
which is adjacent to the tip end surface 6a of the 
anode 6. The DC current in this case is controlled 
to 100-200 A. 

While continuing the arc discharge, the driving 
mechanism 5 is continuously or intermittently op- 
erated to rotate the cathode 2 and to change the 
relative position between the tip end surface 6a 
and the cathode surface 2a. The rotational speed 
may be such that the average running speed of the 
tip end surface 6a relative to the cathode surface 
2a ranges from 60 to 300 mm/minute. During the 
rotation of the cathode 2, the carbonaceous depos- 
its are scraped by the blade 8 and collected. The 
distance between the cathode surface 2a and the 
tip end surface 6a is also controlled in the above 
range since the anode is consumed as the arc 
discharge proceeds. 

The following example will further illustrate the 
present invention. 

Example 

Carbon nanotubes were produced using the 
device shown in Fig. 1. A graphite rod having a 
diameter of 15 mm was used as the anode 6 while 
a cylindrical graphite rod having a diameter of 65 
mm was used as the cathode 2. The anode 6 and 
the cathode 2 were disposed within the chamber 
so that the axis of the anode 6 was spaced apart 
by a distance of 25 mm from the axis of the 
cathode 2. After locating the anode 6 in abutting 
engagement with the cathode 2, the chamber 1 
was evacuated. While maintaining the chamber 1 at 
a pressure of about 1 Torr, a DC current was 
allowed to flow through the anode 6 and cathode 2 
for 3 hours to heat the anode 6 and cathode 2. 
Then, helium gas was continuously fed to the 
chamber 1 at a rate of 10 liters per minute under a 
pressure of 1 atm. The anode 6 was slightly re- 
tracted to form a gap of 1 mm between the tip end 
surface 6a and the cathode surface 2a, so that arc 
discharge occurred. While maintaining the elec- 
trical current at 100 A and the gap between the 
anode and the cathode at 1 mm, the cathode 2 was 
rotated at a rate of about 10 revolutions per minute. 
Thus, the carbonaceous material deposits formed 
on the cathode surface 2a were continuously 
scraped with the blade 8 and collected in the 
bottom of the chamber 1. The yield of the carbona- 
ceous material was about 1 g per hour. The SEM 



photograph revealed that carbon nanotubes were 
contained in the carbonaceous material. 

The invention may be embodied in other spe- 
cific forms without departing from the spirit or 

5 essential characteristics thereof. The present em- 
bodiments are therefore to be considered in all 
respects as illustrative and not restrictive, the 
scope of the invention being indicated by the ap- 
pended claims rather than by the foregoing de- 

io scription, and all the changes which come within 
the meaning and range of equivalency of the 
claims are therefore intended to be embraced 
therein. 

75 Claims 

1. A method of producing carbon nanotubes, 
comprising the steps of: 

(a) successively positioning an axially ex- 
20 tending rod-like carbonaceous anode having 

a tip end surface and a cathode having a 
cathode surface having an area greater than 
that of said tip end surface in an atmo- 
sphere of an inert gas such that said tip end 

25 surface successively faces on different por- 

tions of said cathode surface while keeping 
the distance therebetween substantially un- 
changed and while keeping the axis of said 
rod-like anode oriented in the direction nor- 

30 mal to each of said portions of said cathode 

surface; 

(b) impressing a direct current voltage be- 
tween said anode and said cathode to 
cause an arc discharge to occur between 

35 said tip end surface of said anode and each 

of said portions of said cathode surface and 
to permit carbonaceous deposits containing 
carbon nanotubes to accumulate on each of 
said portions; and 

40 (c) scraping said carbonaceous deposits 

from each of said portions. 

2. A method as claimed in claim 1, wherein step 
(a) is performed continuously. 

45 

3. A method as claimed in claim 2, wherein step 
(a) is performed intermittently. 

4. A device for producing carbon nanotubes, 
so comprising: 

an airtight chamber; 

an axially extending rod-like carbonaceous 
anode having a tip end surface; 

a cathode having a cathode surface having 
55 an area larger than that of said tip end surface 

of said anode; 

means for feeding an inert gas to said 
chamber; 
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means for supporting said cathode such 
that said cathode surface thereof is positioned 
within said chamber; 

means for supporting said anode such that 
said tip end surface is positioned within said 5 
chamber and faces on said cathode surface 
with the axis of said rod-like anode being ori- 
ented in the direction normal to said cathode 
surface; 

first means for controlling the distance be- w 
tween said tip end surface and said cathode 
surface; 

second means for successively positioning 
said anode and said cathode such that said tip 
end surface successively faces on different 75 
portions of said cathode surface; 

means for impressing a direct current volt- 
age between said anode and said cathode so 
as to cause an arc discharge to occur between 
said tip end surface of said anode and each of 20 
said portions of said cathode surface and to 
permit carbonaceous deposits containing car- 
bon nanotubes to accumulate on each of said 
portions of said cathode surface; and 

means for scraping the carbonaceous de- 25 
posits from each of said portions of said cath- 
ode surface. 

5. A device as claimed in claim 4, 

wherein said cathode includes an elec- 30 
tricalty conductive columnar body having a cir- 
cular cross-section, sard columnar body having 
one end providing said cathode surface and 
the other end fixedly connected to a coaxially 
extending, electrically insulating shaft, 35 

wherein said means for supporting said 
cathode includes a support member fixed with- 
in said chamber and having a hole in which 
said columnar body of said cathode is rotatab- 
ly received such that the axis of said columnar 40 
body serves as the center of rotation of said 
columnar body, 

wherein said second means includes drive 
means connected to said shaft for rotating said 
shaft about the axis thereof, 45 

wherein said means for supporting said 
anode includes a holder holding said anode 
such that the axis of said anode is oriented in 
parallel with the axis of said columnar body but 
is departed from the axis of said columnar 50 
body, 

wherein said first means includes drive 
means connected to said holder for shifting 
said holder in the direction parallel with the 
axis of said anode, and 55 

wherein said scraping means includes a 
blade fixedly disposed within said chamber 
such that said blade is in sliding contact with 



each of said portions of said cathode surface 
upon rotation of said columnar body. 

6. A device as claimed in claim 5, wherein said 
support member is formed of an electrically 
conductive material and is maintained in elec- 
trical contact with said columnar body, wherein 
said holder is formed of an electrically conduc- 
tive material and is maintained in electrical 
contact with said anode, and wherein said 
means for impressing a direct current voltage 
includes lead wires extending between a DC 
source and said holder and between said DC 
source and said support member. 



5 



EP 0 665 187 A1 




EP 0 665 187 A1 




F I G. 3 0 




J 



European Patent EUROPEAN SEARCH REPORT Applied Number 

olflcc EP 95 30 0343 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate. 



to daim 



CLASSIFICATION OF THE 
APPLICATION (|nlCL6) 



D.A 



P,A 



P,A 



NATURE, 

vol.358, no. 6383, 16 July 1992, LONDON GB 

pages 220 - 222 

T. W. EBBESEN ET AL. 

* the whole document * 

DATABASE WPI 
Week 9427, 

Derwent Publications Ltd., London, GB; 
AN 94-221544 

& JP-A-6 157 016 (NEC CORP) 3 June 1994 
ff sbstract ^ 

& PATENT ABSTRACTS OF JAPAN 

vol. 18, no. 482 (C-1247) 8 September 1994 

& JP-A-06 157 016 (NEC CORP) 3 June 1994 

* abstract * 

DATABASE WPI 
Week 9444, 

Derwent Publications Ltd., London, GB; 
AN 94-355273 

& JP-A-6 280 116 (NEC CORP) 4 October 1994 

* abstract * 



1,4 



1,4 



1,4 



1,4 



C01B31/02 



TECHNICAL FIELDS 

Ont CI. 6) 



C01B 



The present search report has been drawn up for all claims 



Place of tesrek 

THE HAGUE 



Dde of coaptation of lot Msrefc 

15 March 1995 



Brebion, J 



CATEGORY OF CITED DOCUMENTS 



X : particularly relevant if taken alone 
Y : particularly relevant if combined with 

document or the same category 
A : technological background 
O : non-written disclosure 
P : intermediate document 



theory or principle underlying the invention 
earlier patent document, but published on, or 
after the filing date 
document dted in the application 
document cited for other reasons 



& : member of the same patent family, corresponding 



